Oxolinic acid (1-ethyl-1 ,4-dihydro-6,7-methylenedioxy-4-oxo-3-quinolinecarboxylic acid) is an antimicrobial agent effective against a variety of gram-negative pathogens, including Proteus. With the exception of Staphylococcus aureus, oxolinic acid is inactive against gram-positive bacteria and against fungi. Our results suggest that oxolinic acid exerted its primary action on synthesis of deoxyribonucleic acid (DNA). The rate of thymidine-2-14C incorporation into DNA was significantly depressed in the presence of 0.1 ,ug of oxolinic acid per ml and was markedly inhibited at 1 Ag/ml. No evidence of complexing with DNA was observed. Pulse labeling with radioactive precursors revealed that at levels approximating the minimal inhibitory concentration, oxolinic acid had no effect on rate of incorporation of '4C-valine into protein, uracil-2-'4C into ribonucleic acid, or sodium acetate-1-_4C into lipid. Filamentous forms of P. vulgaris ATCC 881 were observed after in vitro exposure to subinhibitory levels of oxolinic acid. Concentrations of oxolinic acid in excess of the minimal inhibitory concentration (0.39 ,g/ml) did not cause lysis of cells of P. vulgaris or leakage of cytoplasmic materials. Mg+ ions diminished the in vitro activity of oxolinic acid, possibly through formation of Mg++ chelates
MATERIALS AND METHODS
Culture. P. vulgaris ATCC 881, obtained from the American Type Culture Collection, was maintained by periodic transfer on slants of Trypticase Soy Agar (BBL).
Growth stuidies. Except as noted below. experiments were performed with growing cultures in liquid medium containing: yeast extract (Difco), 0.1 g; KH2PO4, 9 .1 g; Na2HPO4, 9.5 g; peptone (Difco), 1 g; NaCI, 5 g; dextrose, 2 g; and distilled water, 1 liter. The pH was 6.7.
For radioisotope assay procedures, Bosund's medium (2) with the following composition was used: glucose, 10 g; NH4Cl, 1 g; K2HPO4, 9.5 g; KHYPO4, 1.5 g; MgSO4 7H20, 0.1 g; casein hydrolysate (Difco Vitamin Free Casamino Acids), 1 g; nicotinamide, 0.2 mg; and distilled water, I liter. The pH was 7. In the preparation of each medium. the proper amount of glucose was dissolved in part of the water and autoclaved separately. Buffer solution (pH 6.7) for washing cells contained KH2PO4, 9.1 g, and Na2HPO4, 9 .5 g per liter of distilled water. Cultures were grown in Erlenmeyer flasks equipped with Lumetron tubes as side arms. Flasks were inoculated with an 18-hr broth culture grown in Bosund's medium to give an optical density (OD) of 0.05 at 660 mus and were incubated with shaking in a 37 C water bath until an OD of 0.1 (1.4 X 107 viable cells per ml) was attained. Determinations of cell turbidity were performed in a Lumetron colorimeter, model 402E, equipped with a EFFECTS OF OXOLINIC ACID ON P. VULGARIS Stock solutions of oxolinic acid (100 Ag/ml) were prepared in Tryptose Phosphate Broth (Difco), adjusted to pH 7.5.
To determine the sensitivity of P. vulgaris ATCC 881 a twofold-tube dilution method was employed. Oxolinic acid was serially diluted in 1-ml volumes of Bosund's medium or in 1-ml volumes of Tryptose Phosphate Broth. A control tube without antibiotic accompanied each series. Each tube was inoculated with 0.1 ml of an 18-hr culture (1:1,000) grown in the corresponding medium. The minimal inhibitory concentration (MIC) was recorded as the lowest concentration showing no visible growth after 20 hr of incubation at 37 C.
Osmotic fragility. Exponentially growing cells of P. vulgaris ATCC 881 in Tryptose Phosphate Broth were harvested by centrifugation at 10,000 X g, and the cell paste was suspended in 0.5 M sucrose solutions containing 0, 0.05, 0.1, 0.5, and 1 ,Ag of oxolinic acid per ml. The sucrose stabilized cell suspensions were incubated at 37 C on a rotary shaker. At 10-min intervals during the next 180 min, oxolinic acid-treated suspensions and untreated controls were compared as follows: recording optical density at 660 m,u, subjecting cells to osmotic shock (dilution 1:4 in distilled water), and examining by phase-contrast microscopy.
Radioactive isotopes. Radioactive presursors obtained from the New England Nuclear Corp., Boston, Mass., included thymidine-2-14C (30 mc/mmole), uracil-2-14C (6.5 mc/mmole), uniformly labeled 14C_ L-valine (208 mc/mmole), and sodium acetate-1-14C (7.5 mc/mmole). Uniformly labeled 14C-D-glucose (35 mc/mmole) was purchased from Calbiochem, Los Angeles, Calif.
Radioisotope assay procedure. Radioactive precursors (0.1 to 0.5 uc) were added to exponentially growing cells in Bosund's medium. When the cell suspension reached an OD of 0.1 at 660 m,M, it was exposed to oxolinic acid and the radioactive precursors under consideration. At 5-min intervals during the next 30 min, samples were removed from the reaction vessel containing oxolinic acid and from a control vessel. Cells were fractionated to isolate protein, lipid, ribonucleic acid (RNA), and deoxyribonculeic acid (DNA) by the method of Schachtele and Rogers (8) .
Leakage of radioactive materials. An overnight culture of P. vulgaris was centrifuged, washed, and suspended in 100 ml of fresh medium containing 2.6 mg of uniformly labeled "4C-glucose (0.13 mc/mg). After incubation for 4 hr, the "4C-labeled cells were centrifuged, washed with phosphate buffer, and resuspended in fresh buffer containing 0, 10, 20, and 50 ,g of oxolinic acid per ml. At intervals, thereafter, portions were filtered through membrane filters of 0.45-M porosity (Millipore Corp., Bedford, Mass.), and the radioactivity in the filtrates was determined.
Radioactivity determinations were made with a Tri-Carb liquid scintillation spectrometer, model 3324 (Packard Instrument Co., Inc., Downers Grove, 111.). Samples were counted in glass vials containing 15 ml of scintillation fluid consisting of 7 g of 2,5-diphenyloxazole, 0.3 g of dimethyl 1,4-bis-2-(5-phenyloxazolyl)-benzene, and 100 g of naphthalene in 1 liter of 1 , 4-dioxane. Data were corrected for background and quenching. 
RESULTS
Growth studies. Oxolinic acid inhibits the growth of P. vulgaris ATCC 881. With the tubedilution test, the MIC in Bosund's medium at the end of 48 hr of incubation at 37 C was 0.15 ,g/ml. With Tryptose Phosphate Broth the MIC was 0.39 ,g/ml, and the bactericidal concentration was 1.56 ,g/ml.
Shake flask cultures in Bosund's medium showed a linear increase in turbidity during 120 min of incubation. During the initial 25 to 30 min, 0.1 to 1 Ag of oxolinic acid per ml had no discernible effect upon the growth rate. However, upon further incubation growth was significantly inhibited (Fig. 1) .
Reduction in growth occurred earlier with higher concentrations of oxolinic acid. At levels of 5 ,ug/ml and greater, inhibition of growth occurred immediately. Effect of oxolinic acid on RNA synthesis. The uptake of uracil-2-14C into the hot acid solution material is given in Table 2 . The incorporation of labeled uracil into RNA was not depressed by oxolinic acid.
Effect of oxolinic acid on DNA synthesis. Table   3 no quantitative differences in leakage of radioactivity in cell-free filtrates of treated and untreated samples (Table 5) . Effect of divalent cations. Addition of 0.01 and 0.1 M magnesium ion to serial twofold dilutions of oxolinic acid in media inoculated with P. vulgaris elevated the minimal concentration of oxolinic acid required for growth inhibition from 0.39 ,g/ml to 0.8 and 3.1 ,ug/ml, respectively. Partial reversal of the cation inhibition could be achieved with addition of 0.1 M potassium oxalate or 0.1 M sodium citrate.
Effect of exogenous DNA. The inhibition of P. vulgaris cell growth by increasing concentrations of oxolinic acid (Fig. 1) remained unaffected by exogenous additions of 0.1, 1.0, 5.0, and 50 ,ug of salmon sperm DNA per ml.
Difference spectroscopy. The spectrum of oxolinic acid did not change when the compound was mixed with calf thymus DNA, salmon sperm DNA, or yeast nucleic acid.
DIscussioN
The results indicate that oxolinic acid specifically inhibits the synthesis of DNA; little or no inhibition of RNA, protein, or lipid synthesis was evident. At the minimal growth-inhibitory concentration of oxolinic acid, there was a sharply pronounced inhibition of thymidine incorporation into DNA by P. vulgaris, whereas the incorporation of specific markers into RNA, protein, and lipid remained relatively unaffected. No effects were noted on integrity of the cell wall or membrane.
Oxolinic acid does not appear to form complexes with DNA. This was evident by the inability of exogenous DNA to reverse the growth- 
